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Every year in Europe refrigerant gases with a greenhouse-warming equivalent of more than 30 Mt CO2
are emitted from retail refrigerators. Furthermore, the effective efﬁciency of such refrigerators is far
below that achievable under ideal (e.g. optimal-load; minimum access) operation. In this work the
design of an alternative on-demand cooling unit is presented. The unit is based on the cooling effect
provided by desorption of carbon dioxide previously adsorbed onto a bed of graphite-bonded activated
carbon: in this paper, a case study of a self-chilling beverage can is used to demonstrate the technology.
The high compaction of the activated carbon, and the presence of graphite, enhances the heat transfer
properties of the adsorbent, thus enhancing the efﬁciency of cooling. Furthermore, potential exists for
the use of activated carbon and CO2 from waste sources. This paper provides an overview of the design
basis and environmental advantages of the unit, and experimental and simulation studies on the thermal
dynamics of the cooling process. Particular attention is given to the effective thermal conductivity of the
activated carbon bed. The results indicate that adequate on-demand cooling can be achieved within a
portable unit. However, scope exists for enhancing the heat transfer within the cooling chamber through
design and bed composition alterations. Recommendations for improved unit design are presented.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Every year in Europe, refrigerant gases with an equivalent global
warming impact of 30MTCO2e are emitted from retail refrigerators
(Cowan et al., 2010). In the Kyoto Protocol, themost commonly used
group of refrigerants,e hydroﬂuorocarbons (HFCs), are in the list of
the seven worst signiﬁcant greenhouse gases, commonly referred
as the basket of greenhouse gases (Bovea et al., 2007; UNFCCC,
1997; Wakeﬁeld, 2016). Leakages of HFCs and hydro-
chloroﬂuorocarbons (HCFCs) have adverse impacts on climate
change not only because they are powerful greenhouse gases, but
also because leaking systems are less energy efﬁcient (Bovea et al.,
2007; Cowan et al., 2010). Therefore, worldwide energy con-
sumption has directed more attention on alternatives to conven-
tional refrigeration systems (Halder and Sarkar, 2007; Neveu andnd Sustainability, Faculty of
rrey, Guildford, Surrey GU2
r Ltd. This is an open access articleCastaing, 1993; Wang and Oliveira, 2006) already highlighted in
the Montreal Protocol of 1987.
Desorptive cooling using activated carbon and carbon dioxide
has emerged as one of the possible alternatives with zero ozone-
depletion potential (Chan, 1981; Goetz and Guillot, 2001; Halder
and Sarkar, 2007; Wang and Oliveira, 2006). Adsorption technol-
ogy is commonly used for gas separation processes inwhich a gas is
adsorbed on a packed column of microporous-mesoporous adsor-
bent at high pressure. Depressurising the column then leads to
endothermic desorption of the adsorbed components from the
solid (Alpay, 1992; Halder and Sarkar, 2007; Sircar, 2002), thus
providing a cooling effect. The adsorbent can be then reused. Based
on this simple desorptive cooling process, a new technology to
provide cooled products on demand has been designed. This chill-
on-demand system avoids any requirement for chilled storage. It
uses the cooling effect provided by desorption of carbon dioxide
previously adsorbed onto a bed of activated carbon contained in an
inner chamber of the self-chilling product. This technology has the
potential to be applied to any type of product that needs to be
cooled at the point of consumption or service that requires rapid
cooling on demand.under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
List of acronyms
AC Activated Carbon
CCU Carbon Capture and Utilization
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HEU Heat Exchange Unit
HFC Hydroﬂuorocarbon
IGA Intelligent Gravimetric Analyser
LCA Life Cycle Assessment
MOF Metal Organic Framework
PSA Pressure Swing Adsorption
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unit for one possible application of this technology: a self-chilling
beverage can. The system consists of an outer steel can contain-
ing the beverage and an inner aluminium can, called the Heat Ex-
change Unit (HEU), which contains activated carbon (AC) mixed
with graphite to increase the thermal conductivity and loaded with
carbon dioxide. The beverage has no contact with the activated
carbon; a vent located at the bottom of the container allows the
carbon dioxide to be released to the atmosphere, releasing the
pressure inside the HEU. The desorption of carbon dioxide from the
activated carbon is endothermic, thereby providing a cooling effect
that should ideally decrease the temperature of the beverage by
about 15 K. Speciﬁc consideration is given here to CO2 desorption
from activated carbon obtained from coconut shells. In previous
work (Arena et al., 2016a, 2016b) the potential environmental
beneﬁts of such a carbon source, compared to coal based activated
carbon, has been reported.
A Life Cycle Assessment (LCA) has previously been developed for
this product system considering all the life cycle stages of a self-
chilling can: manufacture of each part of the beverage container,
its utilization, collection of the used can, and management of the
waste by reuse, recycling and landﬁlling (Arena et al., 2016b). The
most signiﬁcant environmental impact categories were found to be
Global Warming Potential, Human Toxicity Potential and Acidiﬁ-
cation Potential. These arise primarily from production of the
activated carbon granules. The LCA showed that the sustainability
of AC production, and consequently that of the whole self-chilling
system, can be improved by reducing electrical energy consump-
tion in the process units of crushing and tumbling, by using an
efﬁcient integrated process, and by locating the production where
the carbon intensity of the electricity supply is low or by using
energy produced in situ from renewable sources such as biomass.
Offsetting the additional impacts of producing the additional
components to make the impacts of the self-chilling can compa-
rable with those of a conventional canwould require unrealistically
high rates of recovery and re-use, particularly of the HEUs.(Arena
et al., 2016b).
In this work, attention is given to an experimental investigation
of the thermal dynamics of the process, supported by a transient
heat exchange model.
2. Theoretical background
2.1. CO2 e activated carbon combination
Some studies have been reported on solid sorption cooling usingcarbon dioxide as refrigerant and activated carbon as adsorbent
(Goetz and Guillot, 2001; Zhong et al., 2006). This solute-sorbent
combination appears to be the best for several reasons (Kuwagaki
et al., 2003). First of all, the CO2 is neither toxic nor ﬂammable; it
is inexpensive and widely available. Because it is a waste product
from some industrial processes, any subsequent use has low impact
on the global environment (Arena, 2016; Arena et al., 2016b; Zhong
et al., 2006). The thermodynamic properties of the gas are also
particularly attractive because its heat of desorption is high and the
adsorption pressures needed are acceptable (Goetz and Guillot,
2001; Halder and Sarkar, 2007).
Furthermore, the adsorbent structure ﬁts the carbon dioxide
molecule particularlywell. From a theoretical point of view, zeolites
are considered the sorbents with the best adsorption efﬁciencies at
low pressure and ambient temperature. They have an ordered,
continuous and predictable structure due to the equal distribution
of silicon and aluminium which provides a uniform pore size dis-
tribution. For a known molecular size, this allows the adsorption
efﬁciency to be predicted for most physical conditions. The
adsorption efﬁciency of a zeolite is affected by its size and charge
density and the chemical composition of cations in the porous
structure. However, as reported in several studies (Martin et al.,
2010; Yu et al., 2012), the use of activated carbons is preferred
due to their wide availability, low cost, ease of regeneration, lower
sensitivity to moisture and larger capacities at high pressure. They
are also characterized by more rapid mass transfer, stable adsorp-
tion performance and also absence of the corrosion concerns that
can arise with metal containers and chemical absorbents (Wang
et al., 2013). In particular, the manufacture of the chilling HEU re-
quires the sorbent to have a high capacity to limit the pressure at
which the carbon dioxide is adsorbed. There is a potential for
moisture to be present in the HEU, particularly if it is re-used, and
this would render a zeolite-based HEU less efﬁcient and less
reusable than one ﬁlled with activated carbon. These characteristics
all suggest that activated carbons are preferred over zeolites for
application in self-chilling drink cans.
Yu et al. (2012). also reported the use of MOFs (Metal Organic
Frameworks) sorbent materials, which have the advantages of high
surface area, controllable pore structures and tunable pore surface
properties while the preparation cost is lower than for microporous
carbons (Wickramaratne and Jaroniec, 2014). However, resistance
to water contamination, thermal stability, ease and consistency of
preparation, and cost and energy requirements for regeneration all
indicate activated carbon as a superior material for the application
of interest here.
2.2. Heat transfer in activated carbon
Poor heat and mass transfer in adsorption systems is one of the
factors that prevent widespread application of adsorption refrig-
eration systems (Li et al., 2015) and represents a potential negative
aspect for the chill-on-demand system. To function efﬁciently, the
self-chilling system needs to cool the beverage quickly and keep it
chilled, while not losing too much of the potential cooling by
overcooling the HEU itself and the vented carbon dioxide. There-
fore, along with adequate cooling on desorption with a sufﬁcient
quantity of adsorbed carbon dioxide to achieve the desired cooling,
good heat transfer is important between the HEU and beverage.
Beds of granular activated carbon have low thermal conductiv-
ity, typically in the range 0.17e0.28 W m1 K1 (Kuwagaki et al.,
2003; Li et al., 2015; Py et al., 2002; Tamainot-Telto and Critoph,
2001; Wang et al., 2003, 2013). Kuwagaki et al. (2003). classiﬁed
activated carbon as “a non-thermally conductive material”, and
found that combining the activated carbon with a suitable additive
can increase the conductivity. One of themost common approaches
Fig. 1. Isotherms for carbon dioxide adsorption onto activated carbon at 283, 298 and
313 K.
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times using a chemical binder to improve interparticle contact. For
instance, Py et al. (2002). investigated how to improve the adsor-
bent performance for use in a cooling system based on a cyclic
adsorption-desorption process by adding different amounts of
graphite (20e30% by weight) to the granular activated carbon; they
found that the thermal conductivity of the material could be
increased up to twenty times. This composite is known as
“consolidated expanded natural graphite” (CENG) (Py et al., 2002;
Wang et al., 2013) and it is the approach explored in this
research. One of the preparation techniques for CENG is to use the
volatile organic materials, emitted during the activation and
carbonization steps and which react with the surrounding hot at-
mosphere to form tars, as binders in the composite. According to Py
et al. (2002), activation of CENG requires lower temperatures or
soaking times than simple granular activated carbon. The activated
carbon, AGT 702b, prepared by Chemviron Carbon Corporation and
used in the HEU, is prepared by combining activated carbon and
graphite added as separate particles in proportions which are
proprietary information.
There are several other examples of using expanded natural
graphite to host activated carbon. For instance, Wang et al. (2013).
studied two different types of host for activated carbon: expanded
natural graphite (ENG) and expanded natural graphite treated in an
oven at 600e700 C for 12e15 min with acid to implant sulphuric
acid into its crystalline structure (ENG-TA, marketed by Mersen as
PapyexTM). Composite adsorbent with 67% ENG and a density of
700e720 kg m3 had a thermal conductivity of 2.5 W m1 K1.
However, the ENG-TA matrix, with a bulk density of 412 kg m3,
showed a much higher conductivity: 17.6 W m1 K1. A problem
with this formulation lies in the difference between the two types
of materials, which leads to difﬁculties in the composite prepara-
tion. Menard et al. (2005). also tested a monolithic composite of
activated carbon consolidated with a natural graphite matrix, and
compared its properties with a conventional packed bed of a
granulated activated carbon (TA70, Pica Co.). In the study that
Menard et al. carried out physical properties such as total surface
area, pore volume and pore size of these natural graphitematrix are
also reported. Composites containing 20% expanded natural
graphite (CENG) and 80% activated carbon presented both very high
effective thermal conductivity (1e32Wm1 K1) and high external
heat transfer coefﬁcient (1000 W m2 K1).
Py et al. (2002). also studied a CENG incorporating a powdered
reactive salt. It showed a good permeability (between 0.03E-12 and
30E-12 m2), a high thermal conductivity (between 0.2 and
40 W m1 K1) and a very high heat transfer coefﬁcient (between
15 and 15 000 W m2 K1). The wide ranges reported for these
properties depend on the type of activated carbon and proportion
of graphite used.
Given the uncertainties over the properties of the adsorbent
plug in the HEU, an experimental investigation was undertaken of
the speciﬁc material and HEU design.
2.3. Characterisation of the activated carbon: isotherms and heat of
adsorption
The adsorbent material is the key component of an adsorption
cooling system: its structure affects the performance of the whole
system (Li et al., 2015) and its production dominates its environ-
mental performance [12]. The adsorption capacity of an activated
carbon is determined by its morphology and is strongly affected by
the chemical structure of the carbon surface. Its microcrystalline
structure has aromatic sheets with intervening spaces of about
0.35 nm, containing structures with free radicals or unpaired
electrons. The number of unpaired electron structures is increasedby the carbonization process. The main structure is stabilized by
resonance; i.e. delocalized electrons are shared between atoms or
molecules to form a stable structure. However, the edge carbon
atoms have unpaired electrons which lead to unsaturated valences.
This causes interactions with heteroatoms such as oxygen,
hydrogen, nitrogen and sulphur, creating different groups on the
surface (Bansal and Goyal, 2005). The resulting random structure
undoubtedly inﬂuences the adsorption properties of activated
carbons.
Like all physical adsorbents, these materials have lower
adsorption capacity compared with chemical adsorbents. The
maximum adsorption capacity of an activated carbon is about
0.3 kg kg1 while that of calcium chloride, a typical chemical
adsorbent, is 1.225 kg kg1 (Wang et al., 2013).
In order to understand the behaviour of the HEU system, several
properties of the activated carbon have been determined, namely
CO2 adsorption isotherms and the heat of adsorption. The speciﬁc
surface area, another key parameter required to characterize an
adsorbent, was also determined by the BET (Brunauer, Emmett and
Teller) method. Ioannidou and Zabaniotou (2007) report that the
BET surface area increases at higher activation temperature. The
measured BET surface area for AGT 702b is 1474 m2/g. This value is
in the range typical of activated carbons utilized for carbon dioxide
adsorption (Marsh and Rodriguez-Reinoso, 2006).
Isotherms of carbon dioxide adsorbed onto the activated carbon
have been determined for three different temperatures. The
equipment utilized is a gas sorption analyser, the Intelligent
Gravimetric Analyser (IGA), which uses the gravimetric technique
to measure the magnitude and dynamics of gas and vapour sorp-
tion on materials, to produce isotherms or isobars under different
operating conditions and hence indicate the maximum amount of a
gas that can be adsorbed onto a speciﬁc solid. Fig. 1 shows the
isotherms for carbon dioxide adsorption at pressures up to 10 bar
on the adsorbent used here. As also reported in other studies (Saha
et al., 2011; Singh and Anil Kumar, 2016), adsorption capacity de-
creases with increasing temperature. The isotherms are well
described by the Langmuir model for monolayer adsorption (Aly
et al., 2014; Feride et al., 2005; Jinren and Weiling, 2003; Khalili
et al., 2013):
qi ¼ q*i
KLP
1þ KLP
(1)
where qi is the mass of CO2 adsorbed per unit mass of AGT 702B, qi*
is the maximum mass of CO2 adsorbed as a monolayer, P is the
N. Arena et al. / Journal of Cleaner Production 176 (2018) 937e945940pressure of the gas adsorbed for pure gas and KL (bar1) is a
temperature-dependent constant (Delavar et al., 2010; Khalili et al.,
2013; Yin et al., 2013).
The temperature dependence of KL is given by the Van't Hoff
equation:
ln KL ¼ 
DHoADS
RT
þ C (2)
where DH0ADS is the heat of adsorption, R is the gas constant and T
is the temperature. At low pressures, equation (1) simpliﬁes to a
linear isotherm:
qi ¼ KLP (3)
Thus KL can be evaluated as the gradient of a plot of qi as a
function of P at low pressures. Following Singh et al (Singh and Anil
Kumar, 2016). based on Equation (2), the heat of adsorption was
obtained from the gradient of a plot of ln(KL) as a function of 1/T
(Fig. 2). The estimate obtained for DH0ADS was 20 kJ mol1.3. Methodology
Experiments on a simulated self-chilling can have been carried
out and the results utilized to calculate the thermal conductivity of
the sorbent using a transient heat transfer model, solved using a
Matlab program coded for this purpose. Further details of the
apparatus and experimental procedures are given below. Two sets
of experiments were carried out to investigate the thermal dy-
namics of the system. The ﬁrst involved transferring the HEU from
ambient temperature to awater bath at 40 C, without introduction
of adsorbate, to enable estimation of the thermal conductivity of
compacted AC. The second experiments was carried out to evaluate
whether the desired beverage cooling of 15 K from ambient tem-
perature can be obtained with the amount of activated carbon
currently used in the HEU (110 g) and its current design. Pre-
liminary to the above experiments, the thermal behaviour of the
simulated HEU for carbon dioxide adsorption and desorption was
studied by investigating the transient temperature behaviour in the
bed and its dependence on the CO2 pressure. The results, reported
in Arena et al. (2016b), helped the design of the main experiments.
Key points from the preliminary experiments are:
 The times taken for the gas to adsorb onto and desorb from the
activated carbon are different: adsorption is faster;
 the times taken for the gas to adsorb and desorb also differ
between the different positions in the bed: at the halfway andFig. 2. Variation of ln(Ki) with 1/T.internal wall positions, it is much quicker than on the axis of the
bed;
 the temperature on the axis of the HEU is signiﬁcantly higher
(adsorption) or lower (desorption) than at the halfway point or
the internal wall.3.1. Experimental apparatus
The experiments were carried out using a cylindrical container
of 200 mL volume designed to simulate the HEU of a self-chilling
can. The apparatus is shown schematically in Fig. 3; see also the
photograph in Fig. 4a. The body of the HEU is made of aluminium
and is closed with a brass lid. A water bath was also part of the
experimental apparatus.
The unit was ﬁlled with adsorbent, compacted using an Instron
testing machine to apply a force of 15 kN, equivalent to a
compressive stress of 100 bar. On the lid, there is a three way valve
(V2) connected to the vacuum pump, used to evacuate the HEU
simulator to ensure that it was clean and gas-free, and connected
via another valve (V1) to a CO2 cylinder to introduce the adsorbate.
Two pressure transducers (PT) are mounted on the lid and con-
nected to a data acquisition device (PicoLog1000), which in turn is
connected to a computer for data logging. The data were acquired,
analysed, displayed and stored using the LabVIEW software. Tem-
perature was measured by means of thermocouples located at the
centre of the bed, at three different radial positions, and on the
external surface of the unit, as shown in Fig. 4a and b and connected
to another data acquisition device (Pico USB TC-08) which is also
linked to the LabVIEW programme for data collection. In separate
experiments, the thermocouples were relocated to measure the
axial temperature proﬁle. Before each experiment the bed was
evacuated by leaving it overnight in the water bath at highFig. 3. Experimental apparatus.
Fig. 4. a). Picture of the Self-chilling can simulator; b) Position of the thermocouples inside the bed of activated carbon and on the external surface of the rig.
Fig. 5. Temperature proﬁles in the bed and on the external surface of the rig when the
apparatus is transferred from ambient conditions to a water bath at 40 C.
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3.2. Experimental procedures
3.2.1. Estimation of thermal conductivity
To estimate the thermal conductivity of the activated carbon
bed, experiments were carried out to measure the development of
the temperature proﬁles when the bed was transferred from
ambient conditions to a water bath at 40 C, without introduction
of CO2. The measurements were ﬁtted to the results of the model of
transient heat conduction in the bed, solved using Matlab, to infer
the effective thermal conductivity.
Speciﬁcally the temperature behaviour of the bedwasmeasured
at the four points indicated in Fig. 4b. The HEU, initially at ambient
temperature and pressure, was immersed in the water bath pre-
heated to 40 C. The temperature and pressure were measured
continuously and recorded every 0.45 s by the LabVIEW program,
until the bed reached thermal equilibrium with the water bath,
whose temperature was also monitored using an additional
thermocouple.
An optimization program was coded to obtain the value of
thermal diffusivity (a¼ kr1Cp1) that gives the least squares best ﬁt
of the experimental results to the temperature on the axis pre-
dicted by the transient heat transfer model (Miller, 2006). The
model treats the activated carbon bed as an inﬁnite cylinder,
assuming heat transfer only in the radial direction, and excluding
the beverage and the metal layers:
1
r
v
vr

r
vT
vr

¼ 1
a
vT
vt
(4)
where T is the temperature at radius r and time t and a is the
effective thermal diffusivity of the bed. The programme solves
Equation (4) using the method of lines, whereby the space domain
is discretised to generate a set of ordinary differential equations
(ODEs) in time. At the initial condition (t ¼ 0), the temperature was
uniform throughout the bed. The measured time proﬁle of the
temperature in the bed adjacent to the wall was used as the
boundary condition at the wall. The set of ODEs was solved taking
into account these initial and boundary conditions and using the
ODE23 function of the Matlab code; numerical convergence was
achieved for 70 discretisation points. Once a is found, given r
(density) and Cp (speciﬁc heat), i.e. the parameters describing the
activated carbon, the value of thermal conductivity (k) was deter-
mined as k ¼ arCp.
3.2.2. Cooling experiments
In addition to the test described above, a further set of experi-
ments was carried out to establish whether the desired beverage
cooling of 15 K from ambient temperature can be obtained with the
amount of activated carbon currently used in the HEU (110 g) and
its current design.The HEU was put in a basket surrounded with polystyrene chips
tominimise the heat transfer between it and the surroundings so as
to approximate adiabatic conditions. The CO2 was introduced at
6 bars until the bed reached thermal equilibrium. As in the exper-
iments described before, the temperature was measured at four
different points of the rig and recorded every 0.45 s. Once equi-
libriumwas reached, the systemwas then depressurized simply by
opening the exit gas valve to vent the gas to atmosphere, simulating
the real case of the self-chilling can.
4. Results and discussions
4.1. Thermal conductivity
Fig. 5 shows the temperatures measured at various positions in
the HEU in the water bath immersion experiments described in
Section 3.2.1. As expected, the external wall temperature reached
that of the surrounding water bath relatively quickly, whereas
heating was slowest at the centre of the bed. The best estimate for
the effective thermal conductivity (see Section 3.2.1) was obtained
as 0.50Wm1 K1. As expected, this appears to be higher than that
of a conventional activated carbon (0.17e0.28 W m1 K1) but
lower than the range of an ENG (1e32Wm1 K1) (Kuwagaki et al.,
2003; Py et al., 2002). Considering the typical range of thermal
conductivity for an ENG, the value indicates that the amount of
graphite within the AC is low, so that increasing the graphite con-
tent could further improve the thermal conductivity of the bed and
consequently the cooling effect of the system during desorption.
4.2. Cooling
A further set of experiments was carried out simulating the real
Fig. 6. Temperature proﬁles during desorption at 6 bar under adiabatic conditions.
1 The initial temperatures are not always the same due to different external
temperature conditions at the time of the experiments.
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dicates the potential cooling loss due to supercooling the exit gas
and is expressed as the ratio between the cooling experimentally
measured (QExperiment) with Equation (5), and that theoretically
achievable from the amount of CO2 desorbed (QExpected), calculated
with Equation (6): i.e. h ¼ QExperiment/QExpected:
QExperiment ¼ mwallCPwallDTþmADScpADSDT (5)
QExpected ¼ mADSDHADSDq (6)
where mADS is the mass of adsorbent packed in the bed (0.1 kg), DT
(in this case at 6 bar 7.5 K) is the difference between the initial (i.e.
ambient) and ﬁnal (i.e. at the end of the experiment) temperature
of the external wall measured experimentally, mwall is the mass of
aluminium constituting the HEU simulator (0.6 kg), Cpwall is the
speciﬁc heat of aluminium (0.91 kJ kg1 K1), CpADS is the speciﬁc
heat of activated carbon (1.34 kJ kg1 K1) and Dq is the amount of
carbon dioxide desorbed, as calculated with the isotherms and the
heat of adsorption (DHADS). (Jribi et al., 2008). Equation (5) assumes
no heat losses from the system (adiabatic conditions) and a negli-
gible thermal mass associated with the CO2 gas within the HEU. A
cooling efﬁciency of 83% was obtained, indicating that 83% of the
potential cooling is actually available to cool the beverage and HEU
and also, more slowly, to keep the beverage cool.
With reference to the effect of the operating pressure, it is
fundamental to determine whether the desired beverage cooling of
15 K from ambient temperature can be obtainedwith the amount of
activated carbon currently used in the HEU (110 g) and its current
design. The necessary cooling duty is equal to 22 kJ, as calculated by
Equation (7) below, where it is assumed that thewhole self-chilling
system (aluminium (Al), adsorbent (ADS), steel, beverage and car-
bon dioxide (CO2) is cooled by 15 K (DT) and the beverage is
simulated as water.
QDuty ¼

mbeveragecpbeverage þmADScpADS þmAlcpAl þmSteelcpSteel
þmCO2cpCO2

*DT
(7)
The minimum theoretical operating pressure that would ensure
the desired cooling effect was then calculated by equating QEx-
pected to Qduty, evaluated using equation (6) and is reported in
Table 1: the current design of the HEU could provide the cooling
duty under an operating pressure of about 23 bar.
With reference to the effect of the amount of adsorbent, the
minimum mass of adsorbent required to reach the temperature
difference of 15 K has been estimated, again using Equation (6),
keeping the current HEU geometry and the operating pressure of6 bar. The results of these calculations are given in Table 2. The
minimum mass of adsorbent is estimated as ~350 g; i.e. more than
three times the mass contained in the current designed HEU. It is
evident that such a large amount cannot be packed in the current
HEU volume, so that an operating pressure of 6 bar would require a
completely different design of HEU.
5. Possible design solutions
The results obtained and the necessity to increase the cooling
capacity of the system, have prompted the investigation of some
possible alternative design solutions keeping the design simple.
Speciﬁcally, the behaviour of the system has been investigated by
(1) changing the compaction of the activated carbon bed and (2) its
composition, i.e. by mixing strips of conductive metals (copper and
aluminium) with the activated carbon granules. Both of these ap-
proaches could potentially reduce the environmental impact of the
system by reducing the amount of activated carbon in the bed; the
former through reducing the compaction of the bed; the latter
through partial substitution of the activated carbon with metals
which, at the same time, could improve the heat transfer between
the bed and its surroundings.
5.1. Compaction of the ac bed
The cooling capacity of the adsorbent bed is improved by greater
compaction: increasing the mass of adsorbent increases the total
cooling available. Changing the compaction also affects the thermal
conductivity of the bed and probably heat transfer between the bed
and the walls. Therefore, the compaction of the bed was investi-
gated: because the initial compaction force of 15 kNwas already the
maximum allowed, the effect was investigated by reducing the
compaction by both 20% and 50%. The volume of the AC bed was
kept constant while the compaction pressure was reduced so that
the quantity of adsorbent in the bed was reduced. Both the ex-
periments for the thermal conductivity (Section 3.2.1) and
adsorption and desorption (Section 3.2.2) have been carried out
following the same procedure used for the base case experiments
with an adsorption pressure of 6 bar.
5.1.1. Results
The results turn out to be in agreement with the study of Demir
et al. (2010). reducing the compaction and hence the bed density
reduces the thermal conductivity of the bed. The values of thermal
conductivity obtained from the Matlab program, allowing for the
differences in mass of AC at different compactions of the bed, are
listed Table 3.
The related desorption proﬁles for different bed compositions
are shown in Fig. 7 1. During the desorption process (Fig. 7), the
internal wall temperatures are similar for the 12 kN and 15 kN
compaction cases, but lower at 7.5 kN. This is related to the amount
of activated carbon and the reduction in thermal conductivity.
Table 4 reports the change in the external wall temperature
from the initial conditions (i.e. at the beginning of the desorption)
and the ﬁnal conditions (i.e. at the end of the experiment) together
with the experimental cooling obtained from Equation (5) and the
corresponding cooling efﬁciency. The reduction in the cooling ef-
fect due to the combined effects of reduced amount of adsorbent
and reduced thermal conductivity lead to a signiﬁcant reduction in
efﬁciency. This conﬁrms the importance of the compaction
parameter and in this case how increasing compaction improves
Table 1
Theoretical P at given cooling duty.
Imposing Q ¼ 22 kJ P [bar] mCO2 [g] mADS [kg] DΤ [K]
23 48 0.11 15
Table 2
Minimum mass of adsorbent necessary to obtain the desirable DT, at an operating
pressure of 6 bar.
Imposing DT ¼ 15 K mADS [kg] Dq [mol kg1] QDuty [kJ]
0.35 3.07 22
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compaction of the bed.
Table 4
DT and Q at different compaction of AC in HEU.
Compaction [kN] DTExperimental [K] QExperimental [kJ] h []
15 (BASE CASE) 7.50 5.10 83%
12 6.80 4.60 79%
7.5 5.90 3.90 71%5.2. Composition of the ac bed
Several studies in the scientiﬁc literature have investigated how
to improve the heat transfer in beds of activated carbon particles.
For the self-chilling system, a recent approach (Demir et al.,
2010) which would keep the HEU design very simple has been
considered. It utilizes metal strips incorporated within the bed of
adsorbent granules. The metals selected for this study are
aluminium and copper, both of which have high thermal conduc-
tivity: 205 W m1 K1 and 401 W m1 K1, respectively.
The experiments were carried out using common household
aluminium foil and sheets of copper. The experimental procedure
consisted of three steps:
1. Metals cut into strips of 0.5  3 cm;
2. the strips washed with alcohol and mechanically mixed with
the activated carbon particles;
3. The bed, containing 5 %w/w or 8 %w/w of metal strips, compacted
by means of the Instron solid compression testing machine,
applying the standard force of 15 kN.
The experiments followed the standard procedure described in
Section 3.2.2 for adsorption and desorption: CO2 was adsorbed at
6 bar and the bed was depressurized to atmospheric pressure. The
Matlab model was used to calculate the thermal conductivity of the
bed.
A LCA to estimate the total potential environmental impact of
the supply chain to deliver self-chilling beverage cans, equipped
with an HEU containing activated carbon and 8 %w/w of aluminium
strips, has been also carried out, following the approach of Arena
et al. [12]. The normalized potential impact assessments were
compared with those for scenarios in which the HEU contains only
activated carbon andwith. an alternative scenario inwhich a higher
percentage recovery of HEU (90% instead of 70%) has been assumed,
together with complete recovery and reutilisation of aluminium
components and, above all, activated carbon.5.2.1. Results
Table 5 reports the results obtained with strips of aluminium
and copper.
As expected from Demir et al. (2010). incorporating metal stripsTable 3
Thermal conductivity and cooling effect of AC bed at different compactions at 6 bar.
Compaction [kN] Component Mass [g] Density [kg m3] K [W m1 K1]
15 AC 100 590 0.50
12 AC 95 457 0.40
7.5 AC 90 450 0.30in the bed of adsorbent granules signiﬁcantly enhances the thermal
conductivity. This is particularly evident for the case with the strips
of aluminium, where the thermal conductivity increased up to
1.35 W m1 K1, i.e. by more than 170%.
The resultant changes in the cooling effect are reported in Fig. 8 2
and Table 6.
The results show that including conductive metal strips leads to
an interesting improvement in the effectiveness of the desorption
process. With the introduction of copper strips, the desorption and
cooling process appears quicker (see Fig. 8) than in the base case;2 The initial temperatures are not always the same due to different external
temperature conditions at the time of the experiments.
Table 5
Thermal conductivity of AC bed containing strips of aluminium or copper.
Metal %wt [-] Compaction [kN] K [W m1 K1]
BASE CASE 15 0.50
Aluminium 5 15 0.75
8 15 1.35
Copper 5 15 0.55
8 15 0.60
Fig. 8. CO2 desorption at 6 bar under adiabatic conditions on AGT 702b with
aluminium (left) and copper (right).
Table 6
DT and Q when the HEU contains AC mixed with metal strips. Cooling effect
calculated using Equation (5).
Metal %wt [-] DTExperimental [K] QExperimental [kJ] h []
BASE CASE 7.50 5.10 83%
Aluminium 5 7.40 5.10 79%
8 7.60 5.20 80%
Copper 5 7.30 5.00 80%
8 7.00 4.80 73%
Fig. 9. Comparison of the LCIA of the base case and the best HEU recovery with the
same scenarios related to a bed of AC particles and 8 %wt of aluminium strips.
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particularly uniform between the central and halfway thermo-
couples in the case with 8 %wt of copper. With the strips of
aluminium, the same uniformity is not observed, but in the cases
with both 5 %wt and 8 %wt of metal the process was signiﬁcantly
quicker than in the base case, most markedly in the case with 8 %wt
of aluminium.
These results suggest that adding 8% w/w aluminium to the bed
could be an interesting option to improve the thermal behaviour of
the self-chilling system. However, the results in Table 6 show that
the increased thermal conductivity of the bed containing 8 %w/w of
aluminium strips does not translate into a signiﬁcant improvement
in cooling efﬁciency. This could be due to the resistance to heat
transfer between the bed and the wall, suggesting that a different
mechanical design of the HEU is needed to provide greater contact
area.
The inclusion of copper strips does not appear to produce such a
positive effect. The differences between the results for copper and
aluminium could result from the shape of the strips utilized, but
could also be due to non-uniform distribution of the adsorbent and
strips in the HEU: the mixing is uniform before the material is
packed into the HEU but during testing it was difﬁcult to monitor
and maintain uniformity. Another possible reason is the difference
in contact surface between the strips of the different metals and the
activated carbon particles. The metal amount in the AC bed was
measured on a weight basis: therefore, the higher density and
thickness of the copper strips imply a lower number of copper
strips inside the HEU, and consequently a smaller surface area in
contact with the AC particles.The results of these experiments suggest that further studies
should be carried out to investigate the possible effects of incor-
porating conducting strips on the cooling performance of the
desorption process. The type of the metal, but also the proportions
and shape of the strips and their percentage in the bed, should be
varied to determine the best solution for an improved cooling
effect.
These potential new conﬁgurations of HEU could reduce the loss
of cooling effect: 17% in the base case (Section 4.2). However, the
limited scope for improvement shows that the quantity of activated
carbon cannot be reduced signiﬁcantly. This is conﬁrmed by the
LCA related to the potential environmental impact of the overall
self-chilling beverage can, reported in detail in Arena et al. (2016a).
As shown in Fig. 9 there is a small reduction in environmental
impacts, because the aluminium reduces the amount of carbon in
the HEU and the impacts of producing aluminium are lower than
for AC. However, the improvement is limited because activated
carbon is always the component dominating the environmental
impacts. Therefore the conclusion reported in Arena et al. (2016b)
remains unchanged: i.e. the necessity of high rates of recovery
and reuse of the HEU; of an improved adsorbent production chain
which utilizes electrical energy produced from renewable sources;
and of a modiﬁed design of the self-chilling can, able to provide the
required cooling with a reduced amount of activated carbon.6. Conclusions
Experimental work has been undertaken to investigate the
thermal performance of a self-chilling beverage can. The LCA car-
ried out by Arena et al. (2016b) indicated that the main contribu-
tions to the overall environmental impact of the chill-on-demand
system arise from production of the activated carbon (AC) granules;
therefore environmental considerations make it undesirable to
increase the quantity of AC. It has been estimated that the required
cooling duty of 22 kJ can be provided by the current design of the
Heat Exchange Unit (HEU) using an operating pressure of about
23 bar, which is only slightly above the range 15e20 bar originally
suggested for the can. Experiments have been conducted to explore
N. Arena et al. / Journal of Cleaner Production 176 (2018) 937e945 945what limits the effectiveness of cooling. First the effective thermal
conductivity of the material in the HEU was determined. The key
aspects revealed are the signiﬁcant temperature difference be-
tween different radial positions in the bed and the external surface,
in particular during the desorptive cooling process. Possible rea-
sons could be the low thermal conductivity of the activated carbon:
the value of 0.5 W m1 K1 determined is higher than that of a
conventional activated carbon (0.17e0.28 W m1 K1) but is still
lower than the range reported in other studies for blends of acti-
vated carbon and graphite (CENG - 1e32 W m1 K1). The
compaction of activated carbon in the HEU is also an important
consideration, affecting both the total adsorption capacity and the
effective thermal conductivity of the bed. Likewise bed composi-
tion effects, using admixtures of adsorbent and high thermal con-
ductivity metals, may improve the cooling dynamics. Both
compaction and bed composition effects were studied in this work.
The results conﬁrm that the cooling achieved depends most
strongly on the amount of activated carbon in the system, and
therefore high compaction systems are favoured. Results from the
tests incorporating copper strips into the bed showed a limited
improvement in terms of thermal conductivity and cooling. In
contrast, the results of the tests with 8 %wt of aluminium in the bed
indicate a strong increase in thermal conductivity (170%) and in the
rate of the desorption process (four times quicker than the base
case). These improvements appear interesting but the scope for
improving technical and environmental performance is limited: the
technology still needs improvement in design to provide better
cooling performance and avoid the need for high operating pres-
sure. Further studies need to be carried out, for instance adopting
an activated carbon with a higher content of graphite or a different
mechanical design of the HEU, varying the shape and material
composition of the can.
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